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ABSTRACT
Biomorphic SiC ceramics have been fabricated using different wood

precursors. The evolution of volume, density and microstructure of the woods,

carbon performs, and final SiC products are systematically studied in order to

establish experimental guidelines that allow materials selection. The wood density
is a critical characteristic, which results in a particular final SiC density, and the

level of anisotropy in mechanical properties in directions parallel (axial) and

perpendicular (radial) to the growth of the wood.

INTRODUCTION
Materials selection is crucial for engineering design [1]. This is especially

important when ceramics are considered for technological applications.
Processing of ceramics with a specific set of properties is normally expensive and

time consuming [2]. Choosing the appropriate raw material is the first and

probably one of the most critical steps in the production of ceramic materials. In
the case of structural ceramics, under well-controlled fabrication procedures,

monolithic oxides like mullite, and non-oxides like SiC and Si3N4, have proven to

be good candidates for high-temperature applications where strength and stiffness

are important [3]. However, a number of these fabrication technologies are not

cost-effective and difficult to scale-up.
Microstructural complexity is thought to be the determining factor in strong

ceramics, as in biological materials like bones, shells, and wood. Several efforts
have resulted in artificial microstructures that resemble that of natural materials

(continuous-fiber reinforced ceramics [4], porous ceramics [5], fibrous ceramics
monoliths [6], etc). However, natural materials also offer unique properties in

terms of optimal mechanical response with low density, achieved by a porous and

interconnected structure [7, 8].
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A recently developed fabrication technique [9-19] allows the fabrication of

SiC from natural wood precursors. The main advantages of the technique are, in

summary, low cost and near net-shape fabrication. The diversity of wood
microstructures offers a large variety of options in terms of material selections.

The two main characteristics that can be selected are the wood density, which

results in a particular final SiC density, and the level of anisotropy in mechanical

properties [15-17] in directions parallel (axial) and perpendicular (radial) to the

growth of the wood. The only necessary condition is that the wood present a

connected porosity, with a minimum pore size of about 5 _m to allow an efficient

infiltration at 1550°C.

The purpose of this work is to explore experimental laws that can help choose

a type of wood as precursor for a final SiC product, with a given microstructure,

density and level of anisotropy. Preliminary studies of physical properties suggest

that not only mechanical properties are strongly anisotropic, but also electrical

conductivity and gas permeability, which have great technological importance.

EXPERIMENTAL

The biomorphic SiC is fabricated by the melt infiltration method, for which

general details have been described in the literature [9, 14-18]. In summary, the
wood is dried and then pyrolyzed in an argon atmosphere at 1000°C with well-

controlled heating and cooling ramps• Then, the liquid silicon infiltration is

performed in vacuum at 1550°C. Wood and carbon densities were measured

geometrically and the biomorphic SiC density was measured by Archimedes• 1

method. The microstructure has been analyzed by scanning electron microscopy.

RESULTS AND DISCUSSION

The process described previously was applied to wood precursors with a range

of densities (Table 1). In this table, the maximum SiC percentage stands for the
smaller of the SiC amounts calculated both as if full reaction of the carbon had

taken place, and as if all the final product density were SiC.

Typically in all kind of woods, approximately 74 + 5 % of the starting weight
of the natural precursor is lost during the pyrolysis, mainly in the form of water

vapor and other volatiles (Fig. la, RZ=0.945). Volume is reduced at the same time

by about 60 + 5 % (Fig. lb R2=0.9696). The relationship between carbon and

wood density is then:

Pc _ 0.65 Pwooa

The microstructure of the carbon preforms is critical to the infiltration process,

and the biomorphic SiC properties, as the final SiC product resembles the

microstructure of carbon preform. The analysis of their microstructures is then

essential.
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Table 1" Densities of precursors, carbon preforms, final products (SiC+Si), and

maximum content of SiC presented in this work.

Wood type

Cork

Pine (Flanders)

Beech

White

Eucalyptus

!Spanish Oak

Wood

densit_
( cm)

0.21

Carbon

densit_
f_cm

0.03

Final Product

densit_
(g/cm3

No infiltration

0.53 0.33 1.7 + 0.1

0.69 0.49 1.7 + 0.1

0.67 2.03 + 0.05

mfiximum

content of

SiC(%)

34

51

63
0.84

0.88 0.78 2.1 _+0.2 65

Bamboo 1.04 0.78 No infiltration --

Red Eucalyptus 1.13 0.91 No infiltration --
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Fig. 1 : Plot of the weight and volume change of wood (including all ty,pe of

woods studied) after pyrolysis.



The main features of the preform studies are:

-Carbon preforms from cork have equiaxial cells that are clearly not

interconnected (Fig. 2a)

- Carbon preforms from bamboo contain a combination of long channels forming

groups of two or four, which are responsible for the flexibility of the precursor,

and closed cells (Fig. 2b).

- Carbon preforms from Flanders pine consist of long interconnected cells with

rectangular section and typically 4-5 neighbors (the microstructure is extensively

discussed in references).

- Carbon preforms from beech have a bimodal size distribution of cells with the

large cells taking most of the volume (Fig. 2c).

- Carbon preforms from white eucalyptus have the typical bimodal distribution of

cell sizes typical of hard woods with a larger volume of small pores than in

perfornas obtained from beech (the microstructure is extensively discussed in

references). Small channels and large regions of radial cells (Fig. 2d and 2e).

- Carbon preforms from red eucalyptus have a microstructure similar to performs

made from Spanish oak but with finer small channels (Fig. 2f). The average

radius of the pores is 1.1 gm versus 4.3 _tm in Spanish oak (Table 2).

It is clear that an increase in the density is associated with the transition to the

bimodal distribution of pore sizes typical of hardwoods. Further increase_'_

density causes a gradual decrease of the volume fraction of the larger pores. On

the high-density end, small pores are the main constituents of preforms. The pore

sizes and distributions are detailed in Table 2.

J

Table 2: Stereological parameter of the carbon performs.

WOOD
TYPE

LARGE PORES

Average
area(_m 2)

/radio0tm)

Pine 710 / 15.0

Beech 1188 / 19.4 16.0

SD area
/radio

380/
11.0
794 /

659 /
White Eucalyptus 1400 / 21.1 14.5

930 /
Spanish Oak 1437 / 21.4 17.2

Eucalyptus Red 16735 / 73.0
11121/

59.5

%
total
area

50

43

12.2

7.2

8.2

SMALL PORES

Average
area(_m 2)

/radio(_tm)

SD
area

22.5 / 2.7 10/1.8

8.6 / 1.6

%
total
area

5.0

30.113.5 / 2.1

59 / 4.3 32 / 3.2 16

3.9 / 1.1 3.8 / 1.0 15.7

As a consequence of their total or partial content of closed cells, cork and

bamboo carbon preforms do not infiltrate completely, and are not suitable to be



used as precursors for this fabrication procedure. On the other end of the density

range, the carbon preforms from red eucalyptus has pore sizes that are too small.

The pores close during silicon carbide formation from the volume increase of the
reaction and the infiltration only occurs on the surface. It seems then that there is

a critical pore size between 1 to 4 ]am for the infiltration.

Fig 2: SEM micrographs of carbon performs from: A) cork, B) bamboo, C) beech,

D) Spanish oak (axial), E) Spanish oak (longitudinal), and F) red eucalyptus.

In all the other preforms the silicon was able to infiltrate and react throughout

the carbon preform. The biomorphic SiC resulting from this process did not

show_ any measurable change in volume with respect to the carbon preform.
This is an important issue because this indicates that net shape ceramics can be

fabricated from pre-shaped carbon preforms.
The density of the maximum possible SiC density versus the wood density has

a good linear fit (psic,max=2.35 Pwood, R2--0.9603) that will be very helpful for

choosing an adequate wood precursor.



Additionally, previouswork indicatesthat thereis a powerdependenceof the
strengthwith the density,thedensityexponentsbeing around1.5-2for the axial
direction and 3.5-4 in the radial direction.This fact, togetherwith the previous
relation betweenwood and SiC density,makesit possiblechoosingthe wood
precursor for a specific application requiring a certain strength.The strength
anisotropy,however, is not predictablefrom a simple analysisof the wood
density,andamicrostructuralstudyis necessary.Low strengthanisotropystudied
in previous works [15,18] can be correlatedwith microstrucutralfeatureslike
largeamountof radial cells(spanishoak)andcell interlocking(eucalyptus).

CONCLUSIONS
Thefabricationof SiCby theinfiltration of carbonaceouspreforms,fabricated

by pyrolysis of wood, produces biomorphic SiC-based ceramics with a
microstructurethat resemblesthe woodprecursor.The useof severalprecursors
covering a wide range of densitiesand microstructureled to the following
conclusions:

- There is avery goodcorrelationbetweenwooddensityandbiomorphic SiC
density, what makeseasypredicting the fight precursor for achieving a
specificdensityandstrength.

- The lack of interconnectionsbetweencells and small channel size, the
critical size being between1 to 4 microns, are factors impeding silicon
infiltration.
Thecell interlocking in theaxialdirectionandtheamountof radial cells are
factorscontrollingstrengthanisotropy.
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